Nanotechnology is rapidly evolving from the discovery phase to the application phase. As a result, nanomaterials are being distributed in articles of commerce. Although assessments of the hazards of specific nanomaterials have failed to keep pace with the introduction of new materials, some general themes have begun to emerge. For instance, particles of similar core composition appear to behave similarly, and general axioms have been proposed regarding the effect of particle size and charge on biological interactions.^[@ref1]−[@ref4]^ For example, it has been proposed that positively charged particles are more likely to be toxic than negative or neutral particles, and smaller particles are generally more toxic per mass-based concentration than larger particles.^[@ref1],[@ref2]^ Further development and refinement of these axioms, coupled with rapid screening assays that forecast environmental and health impacts, can be combined with the implementation of green chemistry principles (atom economy, solvent reduction, catalysis, designed benign degradation in the environment, avoidance of known toxic hazards in synthesis, *etc.*)([@ref5]) to fuel safer design of future nanomaterials and nanomanufacturing processes.^[@ref6],[@ref7]^ Such proactive approaches to reducing environmental impact and determining potential adverse effects of nanomaterials will help save significant resources by quickly removing particles with undesirable qualities from the development pipeline.

A significant amount of data on nanomaterial--biological interactions exists; however, no consensus has been gained on the appropriate test methods (assays) to evaluate biological effect or toxicity, on the relative influence that physicochemical properties have on nanoparticle effects, or on the fundamental principles that govern nano/biointeractions. The nearly unlimited variations in the elemental composition, core size, surface functionalization, purity, and synthesis methods suggest that the independent testing of every variation is neither feasible nor desirable. Instead, the relative influence that specific nanomaterial features have on biological interactions and responses should be defined in order to create a framework of structure--activity relationships. For the different classes and permutations of nanomaterials these relationships will enable informed design of new nanomaterials. A systematic approach to isolating the effects of individual nanomaterial features on these interactions would yield more informed rules for safer nanoparticle design and synthesis. The ideal methodology would probe the nanomaterial--biological interactions using a high-throughput, sensitive, *in vivo* biological assay that minimizes false negatives. A reasonable course of action would be to systematically probe potential structure--activity relationships within each class of nanoparticles, with the hope that perhaps some findings would be more generalizable. The key to being successful in this undertaking is precision engineering of the nanomaterials, with systematic variation of the physicochemical properties and full characterization of the nanomaterials. This precision matrix of nanomaterials must then undergo biological assessment via a high-sensitivity, high-content, and high-throughput assay that is capable of increasing understanding of how both dose--response and uptake--elimination affect nano/biointeractions. We present such a platform here for gold nanoparticles, utilizing a matrix of well-characterized spherical gold nanoparticles (AuNPs) and the embryonic zebrafish assay.

Results {#sec5}
=======

Biological Impacts of AuNP Exposure {#sec5.1}
-----------------------------------

Exposure to AuNPs affected mortality and/or the incidence of malformations primarily in a charge-dependent manner ([3](#fig3){ref-type="fig"}). Since the embryonic zebrafish assay is a screening-level assay, sublethal malformations are just as important as mortality, because we are assessing only adverse impacts on an important pathway, not how that pathway might affect health. Structure--activity relationships for nanomaterials can be developed by first "binning" nanomaterials into having an "effect" or "no effect" in the embryonic zebrafish assay, then probing the details of the interaction for those nanomaterials that do show an effect. Fisher's exact test was selected for statistical evaluation because the data are categorical: there is either an "effect" or "no effect". This statistic is conservative and allows for the direct comparison of the number of instances an effect was observed in treated *versus* untreated animals.([@ref45]) The most sensitive measurement of nanomaterial toxicity is the combined incidence of mortality and malformations, shown in [3](#fig3){ref-type="fig"}a. Malformations typically included the heart, eyes, body axis, jaw, trunk, and fins. Examples of common malformations are shown in [3](#fig3){ref-type="fig"}b.

![Dose--response results of embryonic zebrafish screen for tested AuNPs. (a) Percentage of zebrafish exhibiting either mortality or any malformation for each size and ligand tested across a spectrum of concentrations compared to control. (b) Examples of malformations seen upon exposure to 0.8 nm MES-AuNPs scored in the malformation category compared to 0 ppm control embryo. (c) Percentage of zebrafish dying after exposure to the library of AuNPs. (d) Percentage of zebrafish that survive, but showing some malformation or behavioral abnormality. Significance was determined by the Fisher exact test, \**p* \< 0.05, \*\**p* \< 0.01 compared to control.](nn-2011-00546k_0005){#fig3}

Exposure to positively charged TMAT-AuNPs significantly increased mortality ([3](#fig3){ref-type="fig"}c), but had a negligible effect on malformations ([3](#fig3){ref-type="fig"}d). Negatively charged MES-AuNPs significantly increased the incidence of malformations but did not result in significant lethality within the five-day exposure period. Malformations resulting from exposure to 1.5 nm MES-AuNPs included the jaw, eyes, snout, heart, and fins. For the 0.8 nm MES-AuNPs, exposure at 250 ppm resulted in jaw malformations and an unusual mass on the body trunk in 100% of embryos. Cellular level investigations revealed that this mass was due to overproliferation of the notochord cells within the first 24--48 h that later protrudes and manifests as an external mass ([Supporting Information](#notes-1) Figure S5).

Neutral MEE-AuNPs and MEEE-AuNPs did not elicit any adverse effects even at concentrations up to 250 ppm (ppm), an extremely high exposure concentration. The gold salt used in nanoparticle synthesis (PPh~3~AuCl) and all of the individual ligands were also tested and had no effect on malformations or mortality at concentrations up to 250 ppm. It should be noted that this concentration is equivalent to the entire AuNP being made up of ligand (or gold salt) and is therefore many orders of magnitude higher on a molar basis than the number of ligands associated with the AuNPs or present as impurities in AuNP exposure groups.

The TMAT particles appear to exhibit a trend toward smaller sized particles being more toxic, and it also would appear that the 15 nm AuNPs were relatively benign. However, calculating dosimetry for nanomaterials can be a tricky business, and it has been suggested that concentrations based on total surface area or number of particles per unit volume may be more informative than the traditional mass/volume units that are designed for bulk materials.([@ref46]) When the dose--response curve is drawn using particles/L as the metric, the trend toward small particles being more toxic is reversed, and when the exposure concentrations are expressed as available surface area (nm sq), the dose--response curves for all the particle sizes are almost identical (see [Supporting Information](#notes-1) Figure S6).

The results of this study demonstrate the utility of an integrated approach to quickly determine whether a member of the AuNP matrix tested can be "binned" as having an "effect" or "no effect" based on the charge of the attached ligand. Both positively and negatively charged AuNPs cause an effect, and both neutral AuNPs tested show no effect. A closer examination of the data reveals that TMAT-AuNPs primarily caused mortality, whereas exposure to MES-AuNPs generally resulted in malformations. This difference could be due to different mechanisms of interaction, differential uptake, or differential elimination of the AuNPs. In order to investigate the latter two possibilities, we quantified uptake and elimination of AuNPs.

Nanomaterial Uptake and Elimination Profiles {#sec5.2}
--------------------------------------------

Characterization techniques such as NMR, UV--vis, or TEM do not provide critical information on the uptake and dose of AuNPs. In order to accurately relate exposure-to-dose to effects, instrumental neutron activation analysis (INAA) was used to quantify the amount of Au in, or tightly associated with, individual embryonic zebrafish exposed to AuNP solutions. One of the benefits of the embryonic zebrafish screen is that it is a vertebrate exposure system where many of the variables concerning different routes of exposure have been simplified or eliminated. As mentioned previously, gill formation does not occur until after the exposure period tested here, and oral uptake is not a significant route of exposure until at least 72 h. Tests to establish the "critical window" of exposure to the toxic AuNPs have shown that malformations and/or mortality occur at the same rate even if embryos are exposed to the AuNPs only from 0 to 48 hpf, when the only route of exposure is epithelial.([@ref47]) While no screening platform is perfect, as illustrated by the fact that uptake can be variable even in cell culture exposures to nanomaterials,([@ref46]) every effort has been made to ensure that bioavailability is maximized in this system.

Embryonic zebrafish were exposed to 0.8 or 1.5 nm MEE-, MEEE-, and MES-AuNPs at 50 ppm or 0.8, 1.5, or 15 nm TMAT-AuNPs at 0.4 ppm, and INAA was performed at 24, 48, and 120 h postfertilization (hpf). TMAT-AuNPs had to be tested at the lower concentration due to early mortality at higher doses. These values were chosen to determine the uptake and elimination of AuNPs at the EC~50~ dose of each AuNP tested. More comprehensive studies of uptake comparing different AuNPs across a variety of time points and concentrations are currently being undertaken, but are beyond the scope of this paper.

All AuNPs tested showed sustained or increased uptake from 24 to 48 hpf ([4](#fig4){ref-type="fig"}a). However, between 48 and 120 hpf, the particles behaved differently depending on surface charge. For the negatively charged MES-AuNPs, the quantity of Au increased significantly (*p* \< 0.05) over the first two days, then significantly decreased (*p* \< 0.01) to a negligible level by five days. For neutrally charged AuNPs (MEE and MEEE), the majority of Au was taken into the system by 24 hpf, remained steady through 48 hpf, and was completely cleared by the five-day mark, similar to the MES-AuNPs. In contrast, TMAT-AuNP uptake was sustained or increased across the whole time course. The quantity of Au accumulated from exposure to 1.5 nm TMAT-AuNPs was significantly increased by five days over the values observed at 24 and 48 h. AuNPs functionalized with TMAT had the highest uptake as a percent of Au in the exposure solution, but due to the difference in exposure concentration, the loading of the actual number of nanoparticles in fish exposed to MEE, MEEE, and MES AuNPs was higher by at least an order of magnitude at the 24 and 48 hpf time points (see [1](#tbl1){ref-type="table"}).

![Quantification by INAA of gold in zebrafish embryos exposed to AuNPs. (a) Instrument neutron activation analysis was used to quantify the mass of Au in individual embryos (*N* = 3) exposed to 0.8, 1.5, or 10 nm AuNPs. The effect of exposure duration on bioaccumulation of Au was tested using ANOVA (\*\**p* \< 0.001, \**p* \< 0.05). Where significant differences were identified, pairwise comparisons were performed using the Tukey test. Dunn's ANOVA test on ranks was used when equal variance assumptions were violated. (b) Uptake and elimination rates for AuNPs in embryonic zebrafish. Rates were calculated as the mass of gold (ng) divided by the duration (hours) for embryos exposed to 50 ppm AuNPs functionalized with MEE, MES, or MEEE and 0.4 ppm AuNPs functionalized with TMAT. Values above the line indicate uptake, and values below the line indicate elimination.](nn-2011-00546k_0001){#fig4}

###### Raw Data for Quantity of AuNPs Found in Embryonic Zebrafish As Determined by INAA[a](#tbl1-fn1){ref-type="table-fn"}

  -------------------------------------------------------------------------------------------------------------------------------------------------------------
                                          quantification of Au in ng\   mean number of AuNPs                                                     
                                          (% of available)                                                                                       
  ------ ------------- ------------------ ----------------------------- ---------------------- ------------------- -------------- -------------- --------------
  MEE    0.8           2.2 × 10^4^        50 ± 2(0.23)                  70 ± 5(0.31)           0(0)                1.4 × 10^13^   1.9 × 10^13^   0.0

  1.5    2.9 × 10^4^   187 ± 29(0.65)     141 ± 37(0,49)                3 ± 4 (0.01)           5.7 × 10^12^        4.3 × 10^12^   9.1 × 10^10^   

  MES    0.8           3.2 × 10^4^        94 ± 52 (0.29)                190 ± 20(0,59)         0(0)                2.6 × 10^13^   5.3 × 10^13^   0.0

  1.5    4.2 × 10^4^   113 ± 13 (0.27)    324 ± 35(0,76)                4 ± 1(0.01)            3.4 × 10^12^        9.8 × 10^12^   1.2 × 10^11^   

  MEEE   0.8           2.3 × 10^4^        102 ± 60(0.44)                150 ± 31 (0.65)        3 ± 4 (0.01)        2.8 × 10^13^   4.2 × 10^13^   8.3 × 10^11^

  1.5    2.5 × 10^4^   74 ± 12(0.29)      84 ± 5 (0.34)                 1 ± 0(0.01)            2.2 × 10^12^        2.5 × 10^12^   3.0 × 10^10^   

  TMAT   0.8           2.8 × 10^1^        6.8 ± 3.0(24.46)              7,6 ± 1.2 (27.60)      5.7 ± 0.6 (20,59)   1.9 × 10^12^   2.1 × 10^12^   1.6 × 10^12^

  1.5    3.3 × 10^1^   5.2 ± 0.7(16.06)   5.8 ± 0.4 (17.72)             11.1 ± 3(34,39)        1.6 × 10^11^        1.8 × 10^11^   3.4 × 10^11^   

  10     3.8 × 10^1^   1.2 ± 0.2(3.12)    2.2 ± 0.3(5.83)               1.7 ± 0.6 (4.5)        9.9 × 10^7^         1.8 × 10^8^    1.4 × 10^8^    
  -------------------------------------------------------------------------------------------------------------------------------------------------------------

The data presented in this table show that while the total quantity of TMAT-AuNPs taken up by the embryos was quite small, it was by far the greatest uptake compared to other ligands as a percentage of total available AuNPs in the exposure.

The uptake rates of TMAT-AuNPs cannot be directly compared to the other AuNPs since exposure concentrations had to be reduced due to the mortality observed at higher concentrations. The toxicity of these positively charged AuNPs might be reflective of their preferential uptake into the animals. Uptake kinetics revealed that AuNPs taken up within the first 24--48 h were eliminated by 120 hpf for neutral and negatively charged AuNPs ([4](#fig4){ref-type="fig"}b). Elimination of AuNPs from the embryos appears to coincide with maturation of the liver and pronephrose (kidney) by 50 and 72 hpf, respectively.^[@ref48],[@ref49]^ Zebrafish exposed to the 1.5 nm MEE-AuNPs began elimination in as little as 48 hpf. By 120 hpf, less than 5 ng of gold was observed in the samples for all but the TMAT-AuNPs, suggesting that elimination processes for the neutral and negative particles are more efficient than uptake and/or the AuNPs left in solution after that time are not readily bioavailable. The TMAT-AuNPs either were never eliminated after the initial uptake or are continuously replaced at the same or faster pace than they can be eliminated. The fact that the majority of zebrafish exposed to TMAT-AuNPs in the dose--response experiments die within the first 24 h of the experimental time course would suggest that the former explanation is more likely.

These uptake data imply that biological systems react to positively charged nanoparticles differently than other nanomaterials and suggest that AuNPs with MES and TMAT ligands act through fundamentally different mechanisms, since TMAT-AuNPs cause primarily mortality at low doses and are not readily eliminated by the organism, while MES can be tolerated at higher concentrations, is rapidly cleared from the animal, and manifests its biological effect through malformations rather than mortality.

Discussion {#sec13}
==========

The embryonic zebrafish assay revealed that gold nanoparticles with no charge do not adversely impact biological systems across a broad range of sizes. AuNPs with both positive and negative charges perturbed development significantly, with positively charged AuNPs primarily causing mortality and negatively charged particles inducing malformations. The zebrafish embryos took up all AuNP types tested, but TMAT-AuNP particles were not eliminated as rapidly as the MES-, MEE-, and MEEE-AuNP particles.

While the results demonstrate the importance of charge on AuNPs' interactions with biological systems, the question of the importance of size raises many issues that require consideration. Most important to considerations of size is the metric used to quantify exposure concentrations. At least in the case of the TMAT AuNPs in this study, different metrics suggested different conclusions on the impact of size on toxicity. As shown in [Supporting Information](#notes-1) Figure S6, one could interpret smaller TMAT-AuNPs as being more toxic (ppm) and larger as more toxic (molarity) or conclude that size does not impact toxicity (surface area), depending on the metric used. From a practical standpoint, while mass-based measurement will probably continue to be the standard in applied uses of nanomaterials, perhaps the relationship between mass and surface area could be exploited to offer some predictions on the behavior of nanomaterials of different sizes.

If surface area is indeed the most relevant parameter regarding size, this also could suggest some hypotheses for the mechanism of AuNP effects, namely, that the interaction is with the ligand attached to the core surface or the core surface itself. Alteration of cellular binding protein systems or cellular redox changes are two potential routes of action that would be surface-area dependent.

When interactions take place on the nanometer scale, small changes in nanomaterial properties can result in large differences in biological response. While surface chemistry appeared to have the most drastic influence on AuNPs' behavior in our biological test system, the data could also be interpreted to suggest that AuNP behavior is modulated by core size. Our research strategy couples the many advantages of the whole-animal embryonic zebrafish assay with an ideal nanoparticle platform in order to systematically assess the relative influence of various physicochemical parameters on overall biological responses to nanomaterial exposure. Defining the structural characteristics that biologically active (beneficially or adversely) nanomaterials possess is essential to identifying features that are predictive of biological responses and consequentially the material modifications that can minimize hazard.^[@ref24],[@ref50]^

Methods {#sec6}
=======

Nanoparticle Synthesis {#sec14}
----------------------

The precision-engineered nanoparticles used in these studies were prepared using methods modified from the literature. For the preparation of the 0.8 and 1.5 nm particles, phosphine-stabilized particles were first prepared using literature procedures.^[@ref51],[@ref52]^ These products serve as intermediates for producing the particles with different surface chemical functionalities through established ligand exchange procedures. The ligand exchange procedure employs thiols to selectively replace both the PPh~3~ and Cl surface groups.^[@ref9],[@ref10]^

TMAT-stabilized 15 nm AuNPs were prepared by ligand exchange of citrate-stabilized gold nanoparticles that were synthesized via an adaptation of the method reported by Turkevich([@ref53]) and had excess citrate removed by diafiltration. A 20-fold excess of *N*,*N*,*N*-trimethylammoniumethanethiol iodide was used during the exchange.

As a final step, excess ligand and reaction byproduct were removed to ensure product purity and long-term stability. Diafiltration was used to purify water-soluble AuNPs (*i*.*e*., those with a water-soluble ligand shell). The 1.5 nm particles are most effectively purified using a membrane rated for 10 000 Da, which corresponds to an approximate pore size of 7--8 nm. Particles on the order of 8--15 nm require membranes rated for 70--100 kDa molecules or 50--80 nm.

The 0.8 and 1.5 nm AuNPs are soluble in aqueous solutions for months, as determined by their stable UV spectra over that time span and the inability to clear the solution through centrifugation. The 15 nM AuNPs could be characterized as a stable suspension, as they can be pelleted with centrifugation, unlike the smaller AuNPs.

AuNP Characterization {#sec15}
---------------------

The following methods were used to characterize AuNPs. TEM was utilized to characterize the purity and size distribution of the AuNPs. Optical spectra (UV--vis) were collected and zeta potential measurements were made on solutions of nanoparticles. ^1^H NMR was used to assess the presence of free ligand, unwanted byproduct, and excess reactants. NMR was performed on a Varian INOVA 300 NMR spectrometer. NMR samples were prepared by dissolving 10 mg of sample in 2 mL of CD~2~Cl~2~ in a glass NMR tube. The ligand NMR shows significant broadening when associated with the AuNPs, so it is relatively simple to detect the presence of free ligand. UV--vis was used to qualitatively assess the size of the AuNPs (particles greater than 2 nm show plasmon absorption at 520 nm). UV--vis was performed on an Ocean Optics spectrometer using a quartz cuvette to ensure that absorption down to 200 nm could be obtained. The AuNPs dissolved in CH~2~Cl~2~ were added dropwise to the cuvette (filled with CH~2~Cl~2~). Absorption spectra were recorded when the maximum absorption reached 2 on the relative scale. TEM was used to directly image the particles and determine their size and size distribution. TEM was performed on a Philips CM-12 120 keV transmission electron microscope. Samples were prepared by aerosol spray deposition onto SiO~2~/Si grids produced by Dune Sciences (Eugene, OR). Particle size analysis([@ref54]) was conducted using ImageJ software from the NIH Web site.

For testing of zeta potential, dry nanoparticles were dissolved in RO or fish water specified to contain no particles larger than 5 nm. Each of the samples (which were of various weights) was suspended in 1 mL, and then a 1:100 dilution was taken. This brought the particles into the lower threshold of the ppm range (and the preferential range for the ZetaPALS system) between 2.5 and 9 ppm. Each sample was vortexed for 10 s, inverted three times, then vortexed again for 10 more seconds before and after mixing, transfer, or dilution. Transfer, dilution, and mixing were all done within a minute of vortexing; samples were read by the machine within 5 min of vortexing. All containers received at least a triple rinse with the above-mentioned RO water. Zeta potential electrodes were rinsed with corresponding sample before measurement. Ten runs of 20 cycles were used for samples; 5 runs of 10 cycles for blanks. Zeta potential was calculated from mobility under the Smoluchowski equation. These solutions were not sonicated at any point.

Embryonic Zebrafish Waterborne Exposure to AuNPs {#sec16}
------------------------------------------------

The chorion, or acellular envelope surrounding embryonic zebrafish, was enzymatically removed from embryos at 6 h postfertilization. At 8 hpf, embryos were individually exposed in wells of a 96-well plate to 100 μL of nanomaterial solution. Embryos were evaluated at 24 hpf for viability, developmental progression, and spontaneous movements (earliest behavior in zebrafish). At 120 hpf, larval morphology (body axis, eye, snout, jaw, otic vesicle, notochord, heart, brain, somite, fin, yolk sac, trunk, circulation, pigment, swim bladder) was binary scored (present or absent) and behavioral end points (motility, tactile response) were thoroughly evaluated *in vivo*. A detailed description of the methodology used can be found in Troung *etal*.([@ref55]) The research protocols and procedures involving zebrafish were reviewed and approved by the Oregon State University Institutional Animal Care and Use Committee, internal protocol number 3903.

Quantification of AuNPs by INAA {#sec6.1.1}
-------------------------------

Embryos were extensively washed before AuNPs were quantified by INNA to minimize inclusion of particles that were merely stuck to the exterior of the embryo rather than internalized. Embryos were placed in a Petri dish and rinsed three times with 15 mL of fish water, with the excess being allowed to flow into a waste container.

Individual embryos were encapsulated and flooded with neutrons (generated by a nuclear reactor) to activate or create radioactive isotopes of the elements present. By monitoring the subsequent decay of these radioactive nuclei, it was possible to identify and precisely quantify the elements originally present in the sample. Instrument neutron activation analysis offers a very sensitive technique for detecting metals in biological samples and is especially sensitive to the presence of gold.^[@ref19],[@ref56]^ Analytic accuracy and precision are high with INAA, with a mean error of \<2% maintained over several orders of magnitude, from metal concentrations in the ppb to low percent range. For each triplicate of samples prepared for INAA, a separate sample vial containing 40 mL of the exposure solution was prepared to quantify total amount of gold exposure. Uptake rates were calculated by dividing the quantity of gold (ng) by the hours of exposure minus the quantity of gold (ng) observed in the prior exposure period.

We thank K. Guillemin, E. Mittge, and P.K. Loi for the histological analysis of the embryonic zebrafish presented in [Supporting Information](#notes-1) Figure S5. These studies were partially supported by National Institute of Environmental Health Sciences (NIEHS) grants P3000210 and ES016896, the Air Force Research Laboratory (AFRL) under agreement number FA8650-05-1-5041, and the Environmental Protection Agency (EPA) RD-833320.

Detailed TEM, NMR, UV--vis, and zeta potential characterization data for the AuNPs tested, as well as histological evidence of overproliferation after embryos were exposed to 1.5 nm MES-AuNPs. In addition, the dose--response curves for all the TMAT-AuNPs were replotted by molarity, surface area, and number of ligands, in order to illustrate the importance of the dose metric chosen when interpreting these results. This material is available free of charge *via* the Internet at <http://pubs.acs.org>.
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